Focal adhesion kinase (FAK) is phosphorylated on tyrosine and serine residues after cell activation. In the present work, we investigated the relationship between tyrosine and serine phosphorylation of FAK in promoting endothelial cell migration in response to vascular endothelial growth factor (VEGF). We found that VEGF induces the activation of the Rho-dependent kinase (ROCK) downstream from vascular endothelial growth factor receptor (VEGFR) 2. In turn, activated ROCK directly phosphorylates FAK on Ser732. Proline-rich tyrosine kinase-2 (Pyk2) is also activated in response to VEGF. Its activation requires the clustering of integrin ␣ v ␤ 3 and triggers directly the phosphorylation of Tyr407 within FAK, an event necessary for cell migration. Interestingly, ROCK-mediated phosphorylation of Ser732 is essential for Pyk2-dependent phosphorylation of Tyr407, because the latter is abrogated in cells expressing a FAK mutant that is nonphosphorylatable on Ser732. We suggest that VEGF elicits the activation of the VEGFR2-ROCK pathway, leading to phosphorylation of Ser732 within FAK. In turn, phosphorylation of Ser732 would change the conformation of FAK, making it accessible to Pyk2 activated in response to its association with integrin ␤3. Then, activated Pyk2 triggers the phosphorylation of FAK on Tyr407, promoting cell migration.
INTRODUCTION
Cell migration requires hierarchical and coordinate signaling events that converge on appropriate actin remodeling. It regulates several physiological and pathological processes. In particular, actin-driven cell motility is centrally involved in ensuring endothelial cell migration in response to angiogenic agents such as vascular endothelial growth factor (VEGF) (Rousseau et al., 2000a) . VEGF is a potent angiogenic agent that initiates endothelial cell migration after its binding to the tyrosine kinase receptor vascular endothelial growth factor receptor (VEGFR) 2 (Bernatchez et al., 1999; Rousseau et al., 2000b) . VEGFR2-mediated endothelial cell migration is associated with activation of several kinase pathways, including stress-activated protein kinase 2/p38 MAP kinase, phosphatidylinositol-3 kinase, and focal adhesion kinase (FAK) (Abedi and Zachary, 1997; Rousseau et al., 1997; Matsumoto and Claesson-Welsh, 2001; Lamalice et al., 2004) . These pathways act complementarily to transmit signals that trigger the actin remodeling that underlies cell migration. Notably, VEGF-induced activation of FAK regulates the proper turnover of focal adhesions that is required to allow the dynamic adhesion and de-adhesion processes inherent to cell migration (Le Boeuf et al., 2004) . Intriguingly, despite the role of FAK as a biosensor and integrator of cell migration, much remains to be known concerning the mechanisms by which it is activated by growth factors.
FAK is a nonreceptor protein kinase that is found in integrin-enriched focal contacts (Guan et al., 1991; Kornberg et al., 1992; Mitra et al., 2005) . The protein is very well conserved between species in which it plays similar functions (Parsons, 2003; Mitra et al., 2005) . It comprises a central catalytic domain located between an N-terminal region containing a protein four.1, ezrin, radixin, moesin (FERM) domain that interacts with integrin and growth factor receptors, and a C-terminal region that contains the focal adhesion-targeting (FAT) domain. This latter domain is implicated in interactions with structural and signaling proteins (Parsons, 2003; Mitra et al., 2005) . FAK possesses six tyrosyl residues that are differentially phosphorylated by diverse agonists and that are implicated in transmitting different signals and effects. Two of these tyrosyl residues (Tyr397 and Tyr407) are located at the boundary between the N-terminal and kinase domains, two are located in the catalytic domain (Tyr576 and Tyr577), and two are located in the C-terminal region (Tyr861 and Tyr925) (Cornillon et al., 2003; Parsons, 2003; Mitra et al., 2005) . Tyr397, a highly conserved site between species, is an autophosphorylation site that recruits Src homology-2 domain-containing proteins, including members of Src family kinases, phospholipase C-␥, GRB7, and the p85 subunit of phosphatidylinositol-3 kinase (Mitra et al., 2005) . It seems that Src kinases are first recruited to Tyr397 and that they are involved in transphosphorylating other tyrosyl residues within FAK. For example, Src kinases-induced transphosphorylation of Tyr576 and Tyr577 confers maximal activation of FAK and signaling in response to adhesion (Calalb et al., 1995; Owen et al., 1999) . Moreover, Tyr576 and Tyr861 are both phosphorylated in a Src-dependent manner in response to VEGF (Holmqvist et al., 2004; Le Boeuf et al., 2004) . In contrast, Tyr407 is phosphorylated in a Src-independent manner after exposure to VEGF (Le Boeuf et al., 2004) . The phosphorylation of this site by VEGF is associated with the recruitment of heat-shock protein of 90 kDa (HSP90) to the C-terminal portion of VEGFR2 and with the activation of the RhoARho-dependent kinase (ROCK) cascade. Then, recruitment of vinculin and paxillin to focal adhesions occurs (Le Boeuf et al., 2004) . Interestingly, FAK possess four serine sites located in the C-terminal tail: Ser722, Ser732, Ser843, and Ser910 (Parsons, 2003) . The role of these sites is still ill defined. Nevertheless, it has been shown that Ser732 is implicated in cell migration and can be phosphorylated by Cdk5, a serine/ threonine kinase implicated in neuron migration (Xie and Tsai, 2004) . Nothing is known concerning the functional interplay between phosphotyrosine and phosphoserine sites within FAK.
Proline-rich tyrosine kinase-2 (Pyk2), also called cell adhesion kinase-␤ or related adhesion focal tyrosine kinase, is another nonreceptor protein kinase closely related to FAK. It is found in high amounts in endothelial cells in which it modulates cell adhesion and migration (Dikic et al., 1998; Wang et al., 2003; Mitra et al., 2005) . The homology between Pyk2 and FAK is strong, being characterized by 60% sequence identity in the central kinase domain, conservation of the proline-rich regions, and identical positions of four tyrosine phosphorylation sites (Mitra et al., 2005) . Tyr402, -579, -580, and -881 within Pyk2 correspond to Tyr397, -576, -577, and -925 within FAK, respectively (Mitra et al., 2005) . The phosphorylation of these sites within Pyk2 triggers the activation of signaling pathways that are common to those activated by corresponding tyrosyl residues within FAK (Schlaepfer et al., 1999) . Nevertheless, the differential binding activities of the FERM and FAT domains within FAK and Pyk2 contribute to limit the functional redundancy between the two kinases (Mitra et al., 2005) . Interestingly, in leukocytes adhering to vitronectin, ligation of integrin ␣ v ␤ 3 induces phosphorylation of Pyk2 on its autophosphorylation site Tyr402 and its association with phosphorylated Tyr747 within integrin ␤3 (Butler and Blystone, 2005) . This finding is of particular interest in the context of VEGF, because VEGFR2 should interact with integrin ␣ v ␤ 3 to induce a productive signaling to both p38 and FAK (Soldi et al., 1999; Byzova et al., 2000; Masson-Gadais et al., 2003) . Overall, these findings suggest that FAK and Pyk2 may jointly participate to transmit the VEGF signal downstream from the VEGFR2-␣ v ␤ 3 integrin complex.
In the present study, we investigated the mechanisms that regulate FAK phosphorylation and migratory functions in response of VEGF in endothelial cells. We investigated both the interplay between serine and tyrosine phosphorylation and the interaction between FAK and Pyk2. We report that exposure of endothelial cells to VEGF drives the activation of the RhoA-dependent kinase ROCK downstream from VEGFR2. Then, activated ROCK phosphorylates FAK on Ser732, which is essential for phosphorylation of Tyr407 and for cell migration. We further show that Pyk2 is activated by VEGF-induced clustering of integrin ␣ v ␤ 3 and is responsible for the phosphorylation of Tyr407.
MATERIALS AND METHODS

Reagents
VEGF-A165, endothelial cell growth supplement (ECGS), and geldanamycin were purchased from Sigma-Aldrich (St. Louis, MO). Y27632 and SU6656 were obtained from Calbiochem (San Diego, CA). Peptides DEL-1 (CEISEAY-RGDTFIGYVCK) and FAK-Tyr407 (EIIDEEDTY 407 TMPSTRD) were synthesized by Le Centre de Synthèse de Peptides de l'Est du Québec (Québec, Canada). Constitutively active form of ROCKI and Pyk2 as well as the synthetic peptide [GG(EEEEY) 10 EE] biotin conjugate at the N terminus were obtained from Upstate Biotechnology (Charlottesville, VA). Porcine myosin light chain (MLC) was from Sigma-Aldrich.
Cells
Human umbilical vein endothelial cells (HUVECs) were isolated by collagenase digestion of umbilical veins from undamaged sections of fresh cords . After isolation, cells were plated on gelatin-coated 75-cm 2 culture dishes in MXV medium (199 medium containing 20% heat-inactivated fetal bovine serum [FBS] , 60 g/ml ECGS, glutamine, heparin, and antibiotics). Subcultures were obtained by trypsination and were used at passages Ͻ4. Treatments were done on HUVECs cultivated on gelatin and made quiescent by incubation for 16 -20 h in ECGS-free medium containing 5% FBS. Bovine aortic endothelial cells (BAECs) were isolated from a bovine aortic segment (Neagoe et al., 2005) . The cells were obtained by gentle scraping of the superficial internal layer of the aortic segment. BAECs were collected in DMEM supplemented with 10% characterized FBS (Hyclone Laboratories, Logan, UT) and were grown on gelatin (Neagoe et al., 2005) . Mouse embryo fibroblasts (MEFs) FAKϪ/Ϫ cells (Ilic et al., 1995) were cultivated in DMEM supplemented with 10% FBS and ␤-mercaptoethanol (3.5 l/500 ml medium). All cultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Antibodies
The anti-FAK antibody used for Western blotting was purchased from BD Biosciences (Missisauga, Ontario, Canada). The anti-Src (Src2) antibody is a rabbit polyclonal antibody obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The mouse monoclonal anti-vinculin (clone hVIN-1) and antitubulin (clone B5-1-2) antibodies were from Sigma-Aldrich. The anti-integrin ␤3 antibody used in immunoprecipitation experiments is a mouse polyclonal antibody (GPIIIa), whereas the anti-␤3 antibody used for Western blotting is a rabbit antibody (CD61). They were obtained from Chemicon International (Temecula, CA). The phospho-specific rabbit polyclonal antibodies against phosphorylated human, chicken, and mouse FAK were from BioSource International (Camarillo, CA), except those against pTyr397, which were obtained from Upstate Biotechnology. The specificity of these antibodies for their phosphorylated residues is supported by competition studies showing that only the phosphopeptide corresponding to the given specific site blocks the antibody signal (BioSource International product analysis sheet). Nevertheless, we found that the anti-Ser732 and anti-Tyr407 detect two bands in total extracts (Figure 1, A and B; our unpublished data). However, both antibodies, respectively, detect only one band for Ser732 or for Tyr407 in immunoprecipitated extracts (Figure 3 ; our unpublished data). These specific Ser732 or Tyr407 bands correspond to the strongest band in Figures 1 and 2 and were used for quantification. The phospho-specific rabbit polyclonal antibody against Pyk2 (pY402) was from BD Biosciences. The hemagglutinin (HA) antibody (clone 12Ca5) was from Roche Diagnostics (Indianapolis, IN), and the antibody against Myc (clone 9E10) was from Covance (Berkeley, CA). The anti-mouse-IgG-horseradish peroxidase (HRP) and anti-rabbit-IgG-HRP antibodies were from The Jackson Laboratory (Bar Harbor, ME). The phosphospecific rabbit polyclonal antibody against phosphorylated MLC was from Cell Signaling Technology (Beverly, MA). Porcine anti-GAPDH was purchased from Novus Biologicals (Littleton, CO).
FAK-related nonkinase domain (FRNK)-glutathione S-transferase (GST) construct was designed by inserting the corresponding fragments derived from BamH1-EcoR1 digested into the vector pGEX-6P-3 (Amersham-General Healthcare, Baie d'Urfé, Québec, Canada). Mutant FAK Tyr407Phe in pKH3 was obtained by site-directed mutagenesis (Le Boeuf et al., 2004) . Wild-type ROCK and constitutively active ROCK ⌬3 were from Dr. Shuh Narumiya (Department of Pharmacology, Kyoto University, Kyoto, Japan; Ishizaki et al., 1997) . Adenoviruses containing wild-type Pyk2 and Tyr402Phe mutant were described previously (Melendez et al., 2004) . FAK siRNA was purchased from Dharmacon (Lafayette, CO) and was designed to target the mRNA of human FAK (GenBank accession no. NM_005607). The target sequence is as follows: sense, 5Ј-GAAGUUGGGUUGUCUAGAAUU-3Ј and antisense, 5Ј-PUUCUAGACAACCCAACUUCUU-3Ј. The SMART pool siRNA duplexes designed to target Pyk2 (NM_004103) and ROCK1 (NM_005406) mRNAs were also purchased from Dharmacon. Control siRNA to target GAPDH mRNA was a gift from Dr. Darren E. Richard (Laval University, Québec, Canada).
Gene and siRNA Transfer
Gene transfer in HUVECs was done by electroporation (Le Boeuf et al., 2004) and adenoviral-mediated infection. Briefly, electroporation with an Eppendorf Multiporator was done on 1 ϫ 10 6 cells in 200 mOsM electroporation buffer (Eppendorf, Boulder, CO) using 3 g of DNA and 4-mm cuvettes. For electroporation, cotransfection of an enhanced green fluorescent protein (EGFP) construct allows evaluating transfection efficiency as 30% after determination of the percentage of cells expressing EGFP. For gene transfer by infection, subconfluent HUVEC cultures were infected for 24 h with adenoviral vectors expressing wild-type Pyk2, Pyk2-Tyr402Phe, or EGFP. After 24-h infection, the medium was aspirated and replaced with serum-free medium for 16 h. Then, cells were treated with VEGF, and lysates were prepared for biochemical studies. Immunofluorescence detection of cells infected with Pyk2 revealed that Ͼ90% of the cells expressed the proteins. BAECs were transfected using polyethylenimine (PEI) high-molecular-weight from SigmaAldrich. Plasmids (20 g DNA/2 ϫ 10 6 cells) were mixed with 500 l of 150 mM NaCl and 10 l of 0.43% PEI for 15 min at room temperature. Cells were incubated with DNAs during 4 h, and medium was replaced by fresh medium. Cells were overlaid with complete medium, and assays were done 48 h after transfection. Cotransfection of a GFP construct allows evaluating transfection efficiency as 40%. For transient transfection, MEF FAKϪ/Ϫ cells (5 ϫ 10 5 cells/60-mm Petri dishes) were lipofected using 11 g of DNA with a ratio of 3:1 with Tfx-50 (Promega, Madison, WI) for 90 min in the absence of serum. Cells were then overlaid with complete medium, and assays were done 48 h after transfection. Sixteen hours before the experiments, cells were incubated Figure 1 . VEGF induces phosphorylation of FAK on serine residues. (A) Quiescent HUVECs were treated or not with 5 ng/ml VEGF for increasing periods. Proteins were extracted and were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-FAK Ser722, Ser732, Ser843, Ser910, and total FAK. (B) Quiescent HUVECs were treated or not with 5 ng/ml VEGF for increasing periods. Proteins were extracted as in A and were processed for immunodetection of phospho-FAK Ser732, Tyr407, and total FAK. Representative blots are shown at the top and quantification of the blots (means Ϯ SD) of three separate experiments is shown at the bottom. Arrows denote the bands that specifically correspond to phospho-Ser732 and phospho-Tyr407 (see Materials and Methods) and that were used for quantification. Figure 2 . VEGF-induced phosphorylation of FAK on Ser732 but not on Ser843 is inhibited by geldanamycin (GA) or Y27632. Quiescent HUVECs were pretreated for 60 min with 1 g/ml GA or vehicle (0.25% dimethyl sulfoxide [DMSO]) or for 120 min with 25 M Y27632, followed by VEGF treatment (5 ng/ml for 10 min). Cell extracts were prepared, and proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-FAK Ser732 (top), phospho-FAK, Ser843 (middle), and total FAK (bottom). Data points represent means Ϯ SD of three experiments. Representative blots are shown. The arrow denotes the band that specifically corresponded to Ser732 (see Materials and Methods) and that was used for quantification.
in serum-free medium. Cotransfection of a GFP construct allows evaluating transfection efficiency between 35 and 45% after determination of the percentage of cells that express GFP under the fluorescence microscope. siRNAs were introduced into the cells by electroporation, as for plasmids, except that 40 -360 pmol of siRNA were used. The cells were used 48 h later.
Immunoprecipitation and Western Blotting
HA-FAK and integrin ␤3 were immunoprecipitated as described previously (Le Boeuf et al., 2004) . After treatments, the cells were washed with phosphatebuffered saline (PBS). Then, they were extracted in B buffer containing 150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% Triton X-100, 0.1% sodium deoxycholate, 2 mM EDTA, 2 mM EGTA, 1 mM Na 3 VO 4 , 1 mM benzamide, 1 M leupeptin, 50 mM NaF, and 1 mM phenylmethylsulfonyl fluoride (PMSF). Further steps were done at 4°C. Cells were centrifuged at 16,000 ϫ g for 10 min. Proteins were quantified by the Bradford assay, and an equal quantity of proteins was diluted in B buffer before being precleared for 60 min with protein A-or protein G-Sepharose. Supernatants were incubated on ice for 90 min with appropriate antibodies. Then, 10 l of 50% (vol/vol) protein GSepharose (Amersham-General Healthcare) was added, and the incubation was extended for 30 min on ice. Antigen-antibody complexes were washed four times with B buffer before adding SDS-PAGE loading buffer. Proteins were separated through SDS-PAGE, and the gels were transferred onto nitrocellulose membranes for Western blotting. The immunoprecipitations with the HA-agarose conjugate were done similarly, except that proteins were directly incubated overnight with the conjugated antibody. After reacting nitrocellulose membranes with primary antibody, antigen-antibody complexes were detected with an anti-IgG coupled to HRP antibody and were revealed using an ECL kit (Amersham-General Healthcare). For stripping, nitrocellulose membranes were first washed in 1ϫ Tris-buffered saline (TBS) containing 0.1% Tween. Then, they were incubated for 30 min at 68°C in fresh stripping buffer and were washed again in TBS containing 0.1% Tween. Quantification of the immunoreactive bands was done by densitometric scanning using the NIH Image software (http://rsb.info.nih.gov/nih-image/).
Immunocomplex Kinase Assay of ROCK
In these assays, we used BAECs, because they allow for expression of higher levels of exogenous proteins than HUVECs. Myc-tagged-ROCK constructs were transfected in BAECs with PEI and treated or not with 10 ng/ml VEGF. Proteins were extracted with immunoprecipitation assay-base buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1,5 mM MgCl 2 , 1 mM EGTA, 1% Triton, 10% glycerol, 50 mM NaF, 10 mM tetrasodium diphosphate decahydrate [NaPPi], 1 mM Na 3 VO 4 , 1 mM benzamidine, 1 mM PMSF, and 1 mM leupeptin). Proteins were centrifuged, and supernatants were added to HNTG buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 1 mM EGTA, 0.1% Triton, 10 mM NaPPi, and 1 mM Na 3 VO 4 ). Myc-tagged proteins were immunoprecipitated using anti-Myc antibody during 2 h at 4°C, and 20 l of 50% (vol/vol) protein G-Sepharose (Amersham-General Healthcare) was added for 1 h to the incubation mixture (250 mM HEPES, pH 7.4, 50 mM MgCl 2 , 250 mM NaCl, 7.5 mM dithiothreitol, 0.15% Brj35, and 0.5 mM ATP). ROCK kinase activity was assayed by the addition of 10 or 4 g of GST-FRNK or 4 g of MLC as positive control to the kinase buffer at 30°C. The reaction was stopped after 20 min by the addition of SDS-loading buffer. Proteins were run through SDS-PAGE and transferred onto nitrocellulose membranes. Phosphorylation of Ser732 was evaluated in Western blotting using a specific antibody against FAK phosphoSer732.
In Vitro Kinase Assays of ROCK and Pyk2
Direct in vitro kinase assay of ROCK1 was performed by adding constitutively active form of ROCKI to 4 g of FRNK or 4 g of MLC for 20 min at 30°C. For Pyk2, the assay was done similarly by adding constitutively active form of Pyk2 to the FAK-Tyr407 peptide EIIDEEDTY 407 TMPSTRD (2 g) or the synthetic peptide [GG(EEEEY) 10 EE] biotin conjugate, used as a positive control (2 g) for 20 min at 30°C. The reaction was stopped after 20 min by the addition of SDS-loading buffer. Thereafter, the proteins were run through SDS-PAGE and transferred onto nitrocellulose membranes. Phosphorylation of Ser732 or MLC was evaluated in Western blotting using specific antibodies against phospho-Ser732 within FRNK or phospho-Ser19 within MLC. Phosphorylation of Tyr407 within the FAK peptide EIIDEEDTY 407 TMPSTRD or Tyr within the [GG(EEEEY) 10 EE] peptide was evaluated using specific antibodies against phospho-Tyr407 and anti-phospho-Tyr4G10 mouse antibody, respectively.
Immunofluorescence
HUVECs were plated on gelatin-coated Lab-Tek chambers (Lab-Tek, Naperville, IL). After treatments, cells were fixed with 3.7% formaldehyde and permeabilized with 0.1% saponin in PBS, pH 7.5. F-actin was detected using fluorescein isothiocyanate-conjugated phalloidin (33.3 g/ml) diluted 1:50 in PBS. Vinculin was detected using hVIN-1 monoclonal antibody. Vinculin antigen-antibody complexes were detected with biotin-labeled anti-mouse IgG and were revealed with Texas Red-conjugated streptavidin. GFP-FAK constructs were electroporated, and immunofluorescence was realized to detect GFP. The cells were examined by confocal microscopy (Huot et al., 1998) . The percentage of cells showing recruitment of vinculin to the ventral focal adhesions was established after counting 400 -500 cells.
Cell Migration Assays
Cell migration was evaluated by means of Boyden chamber migration assays as described previously (Rousseau et al., 2000b) . MEF FAKϪ/Ϫ cells were transfected or not with increasing concentrations of FAK wild-type cDNA along with a constant concentration of VEGFR2 (4 g). EGFP was used as a control of transfection, and an empty vector was used to keep the cDNA concentration constant. Forty hours later, cells were incubated in serum-free medium. Sixteen hours later, cells were harvested with trypsin, counted, centrifuged, and resuspended at 0.5 ϫ 10 6 cells/ml in migration buffer (199 medium, 10 mM HEPES, pH 7.4, 1 mM MgCl 2 , and 0.5% bovine serum albumin). Cells were added on the upper part of an 8.0-m pore size gelatincoated polycarbonate membrane separating the upper and lower chambers of a 6.5-mm transwell. Cells were left to adhere for 1 h. Then, 10 ng/ml VEGF was added in the lower chamber. Two hours later, the cells on the upper part of the membrane were scraped, and those that migrated to the lower part were stained with Meyer's hematoxylin and were counted under an inverted microscope. Assays were done in duplicates or triplicates. HUVECs were electroporated with an siRNA that specifically targets GAPDH mRNA or with increasing concentrations of siRNA that specifically target human FAK mRNA (Dharmacon). Thereafter, cells were transfected for 48 h with 1 g of nonhuman forms (chicken/mouse) of FAK that share Ͼ90% identity between each other but that are insensitive to human FAK sRNA. Then, HUVECs were treated with 5 ng/ml VEGF and processed for a migration assay in modified Boyden chambers. Coelectroporation of an EGFP-expressing plasmids allows evaluating migration of electroporated cells only.
RESULTS
FAK Is Phosphorylated on Ser732 in Response to VEGF, and the Phosphorylation Is Impaired by Inhibiting HSP90 or ROCK
FAK is phosphorylated on several tyrosyl residues in response to VEGF (Abu-Ghazaleh et al., 2001; Eliceiri et al., 2002; Le Boeuf et al., 2004) . This kinase also possesses four potentially phosphorylatable serine residues located in its C terminus: Ser722, Ser732, Ser843, and Ser910. We previously reported that FAK is phosphorylated on Tyr407 downstream from VEGFR2-mediated RhoA-ROCK activation (Le Boeuf et al., 2004) . In the present study, we investigated whether the FAK serine residues are phosphorylated by VEGF treatment, in an attempt to characterize their function, and whether they influence phosphorylation of FAK on Tyr407.
Primary cultures of HUVECs were treated with 5 ng/ml VEGF for increasing periods. Thereafter, cell extracts were prepared, and FAK phosphorylation on Ser residues was determined by Western blot using phospho-specific antibodies. Results show that VEGF did not induce the phosphorylation of Ser722 and 910 ( Figure 1A ). In contrast, the phosphorylation of Ser732 (arrow) and Ser843 was increased in response to VEGF, although the kinetics of phosphorylation was different ( Figure 1A ). Phosphorylation of Ser843 started only after 5 min to reach a peak at 15 min, whereas Ser732 was phosphorylated more rapidly reaching a peak between 5 and 10 min ( Figure 1A) . Interestingly, the kinetics of phosphorylation of Ser732 and Tyr407 (arrows) were comparable particularly for the first 10 min of treatment ( Figure 1B) . Moreover, the phosphorylation of Ser732 but not of Ser843 was inhibited after the inhibition of HSP90 and ROCK with geldanamycin and Y27632, respectively (Figure 2 ). Given that phosphorylation of Tyr407 necessitates the association of HSP90 with the C-terminal end of VEGFR2 and then the sequential activation of RhoA and ROCK, our findings highlight the possibility that the phosphorylation of Ser732 and Tyr407 shares a common cascade of activation and that they are mutually interdependent. 
A FAK Nonphosphorylatable Mutant of Ser732 Abrogates the Phosphorylation of Tyr407 and the Recruitment of Vinculin at the Ventral Focal Adhesions
We next investigated the causal relationship between phosphorylation of Ser732 and Tyr407. HUVECs were electroporated with plasmids expressing wild-type HA-FAK, HA-FAK Tyr407Phe, or HA-FAK Ser732Ala and were treated or not with VEGF. Then, the HA-tag constructs were immunoprecipitated, and phosphorylated Ser732 was immunodetected in cell extracts expressing FAK Tyr407Phe ( Figure  3A) . Reciprocally, phosphorylated Tyr407 was immunodetected in cell extracts expressing FAK Ser732Ala ( Figure 3B ). We found that the expression of the mutant FAK Tyr407Phe had no effect on the phosphorylation of Ser732 induced by VEGF ( Figure 3A) . In contrast, the expression of the mutant Ser732Ala impaired the phosphorylation of FAK Tyr407 in response to VEGF ( Figure 3B ). These results suggest that phosphorylation of Ser732 within FAK is a prerequisite for the phosphorylation of Tyr407. Given that Tyr397 is the autophosphorylation site of FAK and thereby is importantly involved in FAK-mediated events, we next verified whether the mutants Ser732 or Tyr407 compromised the phosphorylation of Tyr397. HUVECs were electroporated, as described above, with plasmids expressing wild-type HA-FAK, HA-FAK Tyr407Phe, or HA-FAK Ser732Ala and were treated or not with VEGF. Then, the HA-TAG constructs were immunoprecipitated, and phosphorylated Tyr397 was immunodetected in cell extracts expressing the various forms of HA-FAK. The results show that the phosphorylation of Tyr397 was not affected either by the mutant Ser732Ala or Tyr407Phe ( Figure 3C ).
We previously reported that phosphorylation of Tyr407 is required for the recruitment of vinculin to the ventral focal adhesions (Le Boeuf et al., 2004) . In this context, one may expect that phosphorylation of Ser732 is required for the recruitment of vinculin to focal contacts. We next verified this possibility. HUVECs were electroporated with plasmids expressing GFP-tagged versions of wild-type FAK or Ser732Ala mutated form of FAK and were treated or not with VEGF. Then, cells were examined in fluorescence microscopy to detect vinculin in GFP-FAK-expressing cells. The results showed that, in cells expressing both wild-type and Ser732Ala forms of FAK, vinculin remained at the periphery of the cells (Figure 4, A and B, G and H) . In the presence of VEGF, vinculin was recruited to the ventral adhesion plaques in ϳ80% of the cells expressing wild-type (wt) FAK (Figure 4 , C and D, arrow, and I). Conversely, even in the presence of VEGF, vinculin still remained at cell periphery in most of the cells expressing the Ser732Ala-mutated form of FAK (Figure 4 , E-F, arrow, and I). Of note, after VEGF treatment, the GFP-FAK Ser732Ala mutant remained itself at the periphery of the cells, whereas the wt GFP-FAK localized to ventral focal adhesions. Overall, these results suggest that phosphorylation of FAK on Ser732 is required to trigger the formation of the ventral focal adhesions.
ROCK Directly Phosphorylates Ser732 within FAK in
Response to VEGF Because the phosphorylation of Ser732 was impaired by inhibiting ROCK with Y27632, we developed an immunocomplex kinase assays to assess whether ROCK may directly phosphorylate Ser732 within FAK. BAECs were transfected with plasmids expressing Myc-tagged versions of wild-type ROCK (wt-ROCK) or constitutively active ROCK I (ROCK-⌬3) (Ishizaki et al., 1997) . Thereafter, the cells were treated with VEGF, and the different forms of transfected Myctagged ROCK were immunopreciptated with an anti-Myc antibody. The immunoprecipitates were used to assay the kinase activity of ROCK using purified GST-FRNK or MLC as substrates. FRNK is a 45-kDa noncatalytic peptide of FAK that contains Ser732 (Parsons, 2003) . We used FRNK as substrate instead of full-length FAK to eliminate any catalytic activity of FAK. MLC was used as a positive control substrate to set up the assay, because it is a well-known target of ROCK (Totsukawa et al., 2000; Matsumura, 2005) . As expected, we found that VEGF increased the phosphorylation of MLC by immunoprecipitated wt-ROCK and that ROCK-⌬3 increased by itself the phosphorylation of MLC. VEGF did not affect the phosphorylation level of MLC by constitutively active ROCK ( Figure 5A ). These results indicated that the ROCK assay was functional, and they confirmed that ROCK was activated by VEGF. Similar results (407) were treated or not with 5 ng/ml VEGF for 10 min. After extraction, the HAtagged proteins were immunoprecipitated using anti-HA mouse antibody. Control immunoprecipitation was done similarly using purified mouse IgG. Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-FAK Ser732 (top) and total FAK-HA (bottom). Representative blots of three separate experiments are shown. (B) Quiescent HUVEC transiently expressing HA-tagged FAK (wt) or HA-tagged FAK-Ser732Ala (732) were treated or not with 5 ng/ml VEGF for 10 min. Cell extracts were prepared as described in A, and the membrane was processed for immunodetection of phospho-FAK Tyr407 (top) and total FAK-HA (bottom). Representative blots of two separate experiments are shown. (C) Quiescent HUVECs transiently expressing wild-type HA-tagged FAK (wt), HA-tagged FAK mutants Ser732Ala (732), or Tyr407Phe (407) were treated or not with 5 ng/ml VEGF for 10 min. After extraction, the HA-tagged proteins were immunoprecipitated using anti-HA mouse antibody and processed as described in A. The membrane was processed for immunodetection of phospho-FAK Tyr397 (top) and total FAK-HA (bottom).
were obtained when FRNK was used as a substrate to ascertain the ability of ROCK to phosphorylate Ser732. We found that VEGF increased by 2.7-fold the phosphorylation of Ser732 by immunoprecipitated wt-ROCK. Moreover, ROCK-⌬3 increased by itself by 2.5-fold the phosphorylation of Ser732, and VEGF did not significantly modify the level of phosphorylation of Ser732 by ROCK-⌬3 ( Figure 5B ). As expected, in cells transfected only with EGFP, no myc-ROCK and no phosphorylation of Ser732 was detected after immunoprecipitation with the anti-Myc-antibody. These results suggested that ROCK directly phosphorylated FAK on Ser732 in response to VEGF. To eliminate the possible influence of another kinase that might have coimmunoprecipitated with myc-ROCK in the immunocomplex assay, we proceed to a direct in vitro kinase assay. In this assay, purified activated ROCK I was incubated with purified FRNK or MLC and thereafter, the phosphorylation of Ser732 within FRNK and Ser19 within MLC were evaluated in Western blot. We found that activated ROCK induced the phosphorylation of MLC on Ser19 and FRNK on Ser732 ( Figure 5, C and D) . Together, these results indicate that ROCK directly phosphorylates FAK on Ser732 in response to VEGF. The in vivo relevance of ROCK I in phosphorylating Ser732 in whole cells treated by VEGF was Figure 4 . Phosphorylation FAK on Ser732 is necessary for recruitment of vinculin in response to VEGF. Quiescent HUVECs transiently expressing wild-type FAK fused to GFP-tag or mutant FAK-Ser732Ala fused to GFP-tag were plated on gelatin-coated Lab-Tek chambers and left untreated (A and B, G and H) or were exposed to 5 ng/ml VEGF for 5 min (C-F). After treatments, cells were fixed, permeabilized, and costained for GFP detection (A, C, E, and G) using an anti-GFP antibody and then an anti-rabbit IgG-fluorescein isothiocyanate-conjugated antibody for detection in confocal fluorescence microscopy. Vinculin (B, D, F, and H) was detected using specific antibody coupled with a biotin-labeled anti-mouse IgG and revealed with Texas obtained by showing that the knockdown of ROCK I with siRNAs (smart pools from Dharmacon that target ROCK I mRNA) was associated with a proportional decrease in the phosphorylation of FAK on Ser732 ( Figure 5E ).
VEGF Induces the Phosphorylation of Pyk-2, Which Leads to Phosphorylation of Tyr407 within FAK
The FAK-related kinase Pyk2 is recruited to Tyr747 within integrin ␤3 in adhering leukocytes (Butler and Blystone, 2005) . Moreover, Pyk2 has been proposed to phosphorylate FAK on Tyr407 during epithelial mesenchymal transdifferentiation Nakamura et al., 2001) . Considering that integrin ␣ v ␤ 3 is implicated in transmitting the VEGF signal to FAK in endothelial cells maintained on matrices, such as vitronectin and gelatin, that bind ␣ v ␤ 3 (Petitclerc et al., 1999; Masson-Gadais et al., 2003) , we investigated whether Pyk2 was involved in VEGF signaling and especially in phosphorylating FAK on Tyr407.
We first verified whether VEGF triggers the activation of Pyk2. HUVECs cultivated on gelatin were treated for various periods in the presence of VEGF. Then, cell extracts were prepared, and the activation of Pyk2 was evaluated by quantifying the phosphorylation level of its autophosphorylation site Tyr402 in Western blot. Results showed that the activation of Pyk2 was quickly increased by VEGF to reach a peak at 5 min, after which it progressively decreased to return to basal level after 20 min ( Figure 6A) . Interestingly, the VEGF-induced activation of Pyk2 was independent of both HSP90 and ROCK, being not inhibited by geldanamycin or Y27632 ( Figure 6B ). These results suggest that Pyk2 is not in the same linear pathway as that linking ROCK to VEGFR2. Of note, the activation of Pyk2 was also independent of Src kinases, being not inhibited by SU6656 ( Figure 6B ).
We investigated next whether the activation of Pyk2 by VEGF may derive from the activation of integrin subunit ␤ 3 , to which it is recruited along with Src and FAK in a VEGFsensitive manner ( Figure 6C ). To demonstrate this point, we used HUVECs in suspension, because integrins are not engaged in cells maintained in suspension. We then treated the cells with VEGF and/or DEL-1, a peptide that specifically induces the clustering of integrin ␣ v ␤ 3 even in cells in suspension (Penta et al., 1999) . Results show that DEL-1 increased the association of activated Pyk2 (pϳY402 Pyk2) with integrin ␤3. The effect was more pronounced in the presence of VEGF ( Figure 6D, top) . These findings suggest that the activation of Pyk2 derives from the activation of integrin ␤ 3 associated with VEGFR2. Interestingly, the phosphorylation of Tyr407 within FAK was phosphorylated in suspended cells exposed to both VEGF and DEL-1 but not DEL-1 alone ( Figure 6D, third panel) . From this result, we hypothesize that Pyk2 may contribute to phosphorylate Tyr407 and that this might be associated with a VEGFinduced conformational change that renders FAK Tyr407 accessible to Pyk2 activated in response to activation of ␣ v ␤ 3 . However, further studies, including crystallographic studies, should be done to ascertain this possibility. (E) Quiescent HUVECs were electroporated with 40 pmol of siRNA that specifically targets GAPDH mRNA or with increasing concentrations of siRNAs that specifically target ROCK I mRNA (smart pools from Dharmacon). Forty-eight hours later, cells were treated for 10 min with 5 ng/ml VEGF, and proteins were extracted separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho Ser732 FAK, ROCK I, total FAK, or GAPDH.
To more firmly ascertain that Pyk2 was involved in phosphorylating Tyr407, we realized experiments in which we measured the VEGF-mediated phosphorylation of Tyr407 in HUVECs expressing a wt form or a Tyr402 phosphorylationdeficient mutant form of Pyk2 (Tyr402Phe) after adenoviral gene transfer (Melendez et al., 2004) . We first determined the amount of adenovirus required for optimal expression of both forms of Pyk2 by infecting the cells with increasing quantities of viruses. We found that 15 ml (6 ϫ 10 5 plaqueforming units [PFU] ) was the volume of virus that yields the best expression and the best VEGF-induced activation of Pyk2 without conferring any observable toxic effect ( Figure  7A ). Indeed, this volume of virus corresponds to a multiplicity of infection of 1.2 PFU/cells, which is compatible with the infection rate of Ͼ90% that we found in fluorescence microscopy (Supplemental Data 1). As expected, VEGF did not induce the phosphorylation of Pyk2 at any concentration of viruses expressing the mutant Tyr402Phe. We next investigated the involvement of Pyk2 in contributing to phosphorylate FAK on Tyr407. HUVECs were infected with viruses carrying the wt form of Pyk2 or the mutant Pyk2 (Tyr402Phe). Then, the phosphorylation of Tyr407 was evaluated. Results showed that the VEGF-induced phosphorylation of Tyr407 was increased in cells expressing wt-Pyk2 and inhibited in cells expressing the nonphosphorylatable Tyr402Phe mutant ( Figure 7B) . Similarly, we found that the knockdown of Pyk2 with siRNAs (smart pools from Dharmacon that target human Pyk2 mRNA) was associated with a marked decrease in the phosphorylation of FAK on Tyr407 ( Figure 7C ). To determine whether the Pyk2-mediated phosphorylation of Tyr407 within FAK was direct, we proceed to a direct in vitro kinase assay. In this assay, purified activated Pyk2 was incubated with a synthetic Tyr407 peptide EIIDEEDTY 407 TMPSTRD or using the [GG(EEEEY) 10 EE] biotin conjugate peptide as a positive control. Thereafter, the phosphorylation of Tyr407 within the Tyr407FAK peptide and the poly Glu-Tyr peptide were evaluated in Western blot. We found that activated Pyk2 induced the tyrosine phosphorylation of both peptides (Figure 7, D and E) . Overall, these findings are strong indications that Pyk2 contributes to directly phosphorylate FAK on Tyr407 in response to VEGF.
Phosphorylation of Ser732 and Tyr407 Is Required for Cell Migration in Response to VEGF
We previously reported that the VEGFR2-HSP90 ROCK-axis is essential to trigger endothelial cell migration (Le Boeuf et al., 2004) . This raised the possibility that the phosphorylation of Ser732 and Tyr407 was required to promote cell migration in response to VEGF. To prove this point, we first used a fibroblastic cell line that is null for FAK (FAKϪ/Ϫ) (Ilic et al., Figure 6 . Pyk2 is phosphorylated in an HSP90-and ROCK-independent manner in response to VEGF, and it associates with integrin ␤3 subunit. (A) Quiescent HUVECs were treated or not with 5 ng/ml VEGF for increasing periods. Cells were then extracted, and proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-Pyk2 Tyr402 (top), and total ␣-tubulin (bottom) to monitor loading. Representative autoradiograms are shown, and data points represent means of two separate experiments. (B) Quiescent HUVECs were pretreated for 60 min with 1 g/ml geldanamycin (GA) or vehicle (0.25% DMSO), or for 120 min with 25 M Y27632 or 5 M SU6656. Cells were treated or not with 5 ng/ml VEGF for 5 min and were extracted and processed as described in A. Representative blots are shown, and data points represent means Ϯ SD of three experiments. (C) Quiescent HUVECs were treated or not with 5 ng/ml VEGF for 5 and 30 min. Cells were extracted, and integrin ␤3 was immunoprecipitated. Control immunoprecipitation was done similarly using preimmune mouse IgG. Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for Western blot using anti-FAK mouse antibody, antiSrc mouse antibody, and anti-Pyk2 mouse antibody. The membrane was reprobed for total integrin ␤3 using anti-␤3 mouse antibody to ensure equal protein loading (fourth panel). (D) HUVECs were trypsinized and left in suspension for 20 min in serum-free medium. Then, peptide 75 nM DEL-1 was added or not for 30 min. Suspended cells were treated or not with 5 ng/ml VEGF for the last 5 min. Cells were then extracted, and proteins were separated on SDS-PAGE and transferred on nitrocellulose membrane. The membrane was processed for immunodetection of phospho-Pyk2 Tyr402, total Pyk2, and phospho-FAK Tyr407. The membrane was reprobed for total integrin ␤3 to ensure equal protein loading (fourth panel). Representative blots are shown, and data points represent means Ϯ SD of duplicate sample of two experiments.
Roles of ROCK and Pyk2 in Phosphorylation of FAK Vol. 17, August 2006 1995) and in which we transfected vectors expressing VEGFR2 along with vectors expressing FAK wt or the FAK mutants (FAK Ser732Ala and FAK Tyr407Phe). The cellular concentration of FAK is critical for cell migration, because cells that adhere too strongly or too weakly do not migrate or migrate slowly (Palecek et al., 1997; Richardson et al., 1997) . Hence, we first determined the concentration of FAK plasmids that induced maximal migration in response to VEGF using the Boyden chamber assay. We found that cell migration in response to VEGF was maximally increased with FAK plasmids added in concentration between 1 and 2 g (Supplemental Data 2). Thereafter, we transfected FAKϪ/Ϫ cells with 1 g of vectors expressing wt-FAK or the same amount of the mutants FAK Ser732Ala or FAKTyr407Phe together with 4 g of vector expressing VEGFR2. As expected, we found that cell migration was completely impaired in cells that expressed the mutants being in marked contrast with the fivefold increase induced by VEGF in cells expressing wt form of FAK. Interestingly, at this concentration of plasmid, FAK does not promote cell migration by itself indicating that VEGF is required ( Figure 8A ). Given that MEFϪ/Ϫ cells may differ from endothelial cells in their response to VEGF, we next electroporated HUVECs with siRNA to specifically target human FAK mRNA and knockdown endogenous FAK. In comparison, we used siRNA against GAPDH as controls. Thereafter, we reintroduced siRNA-insensitive nonhuman wt form of FAK or the mutant forms Tyr407Phe or Ser 732Ala at the concentration of 1 g of vectors. After 48 h, we proceeded to a cell migration assay in Boyden chamber using or not VEGF as chemoattractant in the lower chamber. Results showed that VEGF increased by 2.5-fold the migration of HUVECs in which we have reintroduced wt-FAK. However, the migration remains to basal level in cells in which the mutant Ser732Ala or Tyr407Phe were added ( Figure 8B ). Interestingly, the siRNA against GAPDH did not affect cell migration. It did not affect either the expression of FAK, whereas the FAK siRNA almost completely impaired the expression of endogenous FAK ( Figure 8C ).
Given that ROCK I and Pyk2 were, respectively, required to directly phosphorylate Ser732 and Tyr407, we then decided to ascertain whether these kinases regulate endothelial cell migration. To prove this point, we still relied on the use of siRNA to knockdown ROCK1 or Pyk2 and then looked at the effect of VEGF on cell migration evaluated in Boyden chamber. As expected, we found that the knockdown of both kinases was associated with an inhibition of VEGFinduced cell migration ( Figure 8D ).
Overall, these findings highlight for the first time that the ROCK-mediated phosphorylation of Ser732-and Pyk2-mediated phosphorylation of Tyr407 is sequentially required to initiate cell migration in response to VEGF. Exponentially growing HUVECs were infected or not with increasing quantity of adenoviral vectors carrying EGFP, wild-type Pyk2, or mutant Pyk2 Tyr402Phe. Twenty-four hour later, the medium was changed for serum-free medium and grown for 16 h. Quiescent cells were then treated or not with 5 ng/ml VEGF for 10 min. Proteins were extracted, run into SDS-PAGE, and transferred on nitrocellulose membrane. Immunodetections with mouse anti-Pyk2, rabbit anti-PϳY402-Pyk2, and mouse anti-␣-tubulin are shown. (B) Exponentially growing HUVECs were infected with adenoviral vector carrying EGFP (0.8 PFU/cell), wildtype Pyk2 (1.2 PFU/cell), or mutant Pyk2 Tyr402Phe (1.2 PFU/cell) and were treated or not for 10 min with 5 ng/ml VEGF. Then, proteins were processed as described in A. Immunodectections with rabbit anti-PϳY407-FAK (top), mouse anti-FAK (middle), and mouse anti-Pyk2 (bottom) are shown. Representative autoradiograms from two separated experiments are shown. (C) Quiescent HUVECs were electroporated with siRNA that specifically targets GAPDH mRNA or with increasing concentrations of siRNAs that specifically target Pyk2 mRNA (smart pools from Dharmacon). Forty-eight hours later, cells were treated for 10 min with 5 ng/ml VEGF, and proteins were extracted. Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-Tyr FAK407, total FAK, Pyk2, or GAPDH. (D and E) Direct in vitro kinase assay was performed using increasing amounts of constitutively active form of Pyk2 that was incubated with a poly-Glu-Tyr peptide (D) or synthetic FAK-Tyr407 peptide (E) as substrates. Proteins were separated by Tris-Tricine SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of phospho-Tyr407 within the FAK-Tyr407 peptide or phospho-Tyr (E) within the poly-Glu-Tyr peptide (D).
DISCUSSION
Endothelial cell migration induced by VEGF requires its binding to VEGFR2 and the association of ligand-bound VEGFR2 with integrin ␣ v ␤ 3 (Bernatchez et al., 1999; Soldi et al., 1999; Borges et al., 2000; Rousseau et al., 2000b; MassonGadais et al., 2003) . The VEGF-VEGFR2/␣ v ␤ 3 complex is then involved in initiating signals that activate various pathways, including p38 and FAK. FAK is a nonreceptor kinase whose activation is required to drive the cytoskeleton reorganization essential for cell migration (Rousseau et al., 2000b; Bohnsack and Hirschi, 2003; Parsons, 2003) . The mechanisms by which FAK is activated to trigger cell migration by VEGF involve the phosphorylation of Tyr407 and Tyr576 (Holmqvist et al., 2004; Le Boeuf et al., 2004) . However, the mechanisms that govern the phosphorylation of these residues are ill defined. In the present study, we show the first series of evidence indicating that the phosphorylation of FAK on Tyr407 relies on the activation of Pyk2 and is dependent on ROCK-mediated phosphorylation of FAK on Ser732.
We previously reported that phosphorylation of Tyr407 within FAK requires the activation of ROCK (Le Boeuf et al., 2004) . However, that ROCK (both ROCK I and ROCK II) has serine-threonine kinase activity indicates that it cannot directly phosphorylates Tyr407 within FAK. A major contribution of the present study is to show for the first time that ROCK directly phosphorylates FAK on Ser732 in response to VEGF. This is supported by the results of the immunocomplex kinase assays in which we found that VEGF induced the phosphorylation of Ser732 within FRNK by immunoprecipitated wt-ROCK and that a constitutively active form of ROCK could phosphorylate Ser732. Moreover, similar results were obtained when using MLC as substrate. Given that MLC is a known target of ROCK, this finding confirms the suitability of the assay and that VEGF activates ROCK. Overall, these results converge on the concept that ROCK can directly phosphorylate Ser732 within FAK. This conclusion is further emphasized by our finding that ROCK can directly phosphorylate Ser732 within FRNK in a direct in vitro assay. Moreover, the in vivo relevance of ROCK in mediating phosphorylation of Ser732 is supported by the Figure 8 . Phosphorylation of Ser732 and Tyr407 is required for cell migration in response to VEGF. (A) MEF FAKϪ/Ϫ cells were transfected with 1 g of EGFP, wild-type FAK (wt), FAK Ser732Ala (S732A), or FAK Tyr407Phe (Y407F) mutants, along with a constant concentration of VEGFR2 (4 g /ml). Then, the cells were processed as described in A for a migration assay in a modified Boyden chamber. Data points represent the mean Ϯ SD of two separate experiments in triplicate and duplicates. To monitor the expression of transfected FAK, MEF cells used for migration were processed for immunodetection of HA-FAK proteins (bottom). (B) Quiescent HUVECs were electroporated with siRNA that specifically targets GAPDH mRNA or with increasing concentrations of siRNA that specifically target human FAK mRNA (from Dharmacon). Forty-eight hours later, proteins were extracted, separated by SDS-PAGE, and transferred to a nitrocellulose membrane. The membrane was processed for immunodetection of total FAK or GAPDH. (C) Quiescent HUVECs were electroporated as described above with siRNAs to knockdown human GAPDH or FAK (40 pmol of siRNA). Thereafter, cells were transfected with 1 g of nonhuman forms of FAK and were processed as described in B for a migration assay in response to 5 ng/ml VEGF using a modified Boyden chamber. Data points represent the mean Ϯ SD of triplicate samples. The efficacy of siRNA knockdowns was determined in Western blotting as described in B (middle). To monitor the expression of transfected FAK, HUVECs used for migration were processed for immunodetection of HA-FAK proteins (bottom). (D) Quiescent HUVECs were electroporated as described above with GAPDH (40 pmol) or Pyk2 or ROCKI (360 pmol each) siRNAs to knockdown the expression of human GAPDH, Pyk2, or ROCK. Thereafter, the cells were processed as described in A for a migration assay in a modified Boyden chamber. Data points represent the mean Ϯ SD of triplicate samples. The efficacy of siRNA knockdowns was determined in Western blotting as described in C (bottom). The results of cell migration are expressed as the percentage of maximal increase in cell migration induced by VEGF (mean number of transfected cells counted in controls, 10 cells). Similar results were obtained in two separate experiments.
Roles of ROCK and Pyk2 in Phosphorylation of FAK Vol. 17, August 2006 observations that the knockdown of ROCK I with siRNA is associated with an inhibition of the phosphorylation of FAK on Ser732 and of cell migration. Hence, based on our findings we believe that ROCK is the major kinase involved in phosphorylating directly Ser732 within FAK in response to VEGF. However, one cannot exclude the possibility that another kinase particularly cdk5 might also contribute to the direct phosphorylation of this site, as it does in neurons during corticogenesis . Of note, the various ROCK constructs that we used in our study express the ROCK I isoform, which supports the involvement of ROCK I in phosphorylating Ser732. However, the possible participation of ROCK II cannot be excluded.
Another important contribution of our study was to show that Ser732 within FAK should be phosphorylated to allow phosphorylation of FAK on Tyr407. In particular, the kinetics of activation of Ser732 and Tyr407 are comparable and are both inhibited by impairing HSP90-mediated events with geldanamycin and ROCK with Y27632. More directly, that Ser732 should be phosphorylated before phosphorylation of Tyr407 is supported by the finding that expression of a nonphosphorylatable form of Ser732 (Ser732Ala) within FAK inhibits the phosphorylation of Tyr407 induced by VEGF, whereas expression of Tyr407Phe does not inhibit the phosphorylation of Ser732. We previously reported that phosphorylation of Tyr407 is required for the assembly of focal adhesions. In accordance with the fact that Ser732 should be phosphorylated to allow phosphorylation of Tyr407, we found that the Ser732Ala mutant impairs the recruitment of vinculin to the ventral focal adhesions and that FAK Ser732Ala does not relocalize to the ventral plaques. Overall, these results indicate that ROCK-dependent phosphorylation of Ser732 is essential to elicit phosphorylation of Tyr407 and PϳTyr407-mediated events, possibly by changing the conformation of FAK in a way that renders Tyr407 accessible to a tyrosine kinase. Interestingly, VEGF should induce a conformation change in FAK configuration to allow its association with integrin ␣ v ␤ 5 (Eliceiri et al., 2002; Schaller, 2004) . This finding constitutes a major paradigm in favor that VEGF regulates FAK function in a spatial manner.
Pyk2, a member of the FAK family of nonreceptor protein kinase, has been proposed as a potential candidate to directly phosphorylate FAK on Tyr407 Nakamura et al., 2001) . Indeed, using an in vitro kinase assay, we found that a constitutively active form of Pyk2 can directly phosphorylate Tyr407 within a synthetic FAK peptide. Moreover, the siRNA knockdown of Pyk2 is associated with an inhibition of FAK phosphorylation on Tyr407 in vivo. In line with these findings indicating that Pyk2 is a kinase directly upstream of Tyr407, we found that VEGF induces the phosphorylation of Pyk2 on its autophosphorylation site Tyr402 and that this occurs within the same time frame as phosphorylation of Tyr407 within FAK. However, the VEGF-induced phosphorylation of Tyr402 within Pyk2 is not sensitive to geldanamycin, Y27632, or SU6656, indicating that it is independent of HSP90, ROCK, or Src kinases. The discovery that activation of Pyk2 is independent of HSP90 and ROCK is a strong indication that the activation of Pyk2 does not directly emanate from the same VEGFR2 signaling pathway that phosphorylates Ser732. VEGFR2 signaling requires its association with integrin ␣ v ␤ 3 (Soldi et al., 1999; Borges et al., 2000; Byzova et al., 2000; Masson-Gadais et al., 2003) . Moreover, ␣ v ␤ 3 ligation induces phosphorylation of Pyk2 on Tyr402 and favors its association with the cytoplasmic tail of ␤3 in K562 leukocytes adhering to vitronectin (Butler and Blystone, 2005) . Hence, activation of Pyk2 may derive from integrin ␣ v ␤ 3 . Accordingly, Pyk2 is recruited to integrin ␤3 and FAK after exposure of HUVECs to VEGF. Most importantly, we obtained direct evidence that activation of Pyk2 by VEGF derives from integrin ␣ v ␤ 3 . Indeed, PϳTyr402 on Pyk2 is found at low levels in endothelial cells maintained in suspension, a condition that precludes clustering of integrins (Germer et al., 1998; Stupack et al., 1999) . In contrast, the specific clustering and activation of integrin ␣ v ␤ 3 by treating HUVECs in suspension with the peptide DEL-1 (Penta et al., 1999) is followed by the recruitment of Pyk2 to integrin ␤3 and is associated with an increase in the level of tyrosine phosphorylation of its Tyr402. Moreover, both effects are further increased by coexposure of cells to VEGF and DEL-1, whereas they remain at basal level in the presence of VEGF alone. Interestingly, the DEL-1 peptidemediated clustering of integrin ␣ v ␤ 3 and recruitment and activation of Pyk2 is not sufficient by itself to increase the phosphorylation of Tyr407 within FAK. However, phosphorylation of Tyr407 is increased when the cells are treated by both DEL-1 and VEGF, which is consistent with the aforementioned possibility that the VEGFR2-dependent activation of Ser732 is required to induce a conformational change that renders Tyr407 accessible to activated Pyk2.
Phosphorylation of Ser732 and Tyr407 within FAK has both been associated with increased cell migration in neuron and during epithelial mesenchymal transdifferentiation (Nakamura et al., 2001; Xie et al., 2003) . However, our study is the first to bring direct evidence that the phosphorylation of both Ser732 and Tyr407 are essential for endothelial cell migration induced by VEGF. This is supported first by the observation that the expression of Ser732Ala and Tyr407Phe mutants of FAK in FAK MEFϪ/Ϫ cells or in HUVECs depleted of FAK by means of siRNA does not promote cell migration in response to VEGF, in contrast to the expression of the wt form of FAK. Second, this is also supported by our findings that the knockdowns of ROCK I or Pyk2, the kinases respectively responsible for the phosphorylation of Ser732 and Tyr407, are also associated with an inhibition of VEGF-induced cell migration. Interestingly, neither the Ser732Ala nor the Tyr407Phe mutants modified the autophosphorylation of FAK on Tyr397, which excludes the possibility that the effect of these mutants on cell migration results from an in inhibition of the phosphorylation of FAK on Tyr397. In this context, it was previously reported that the kinase activity of FAK and its phosphorylation on Tyr397 are both independent of phosphorylation of Ser732 . Given that the phosphorylation of Ser732 depends on signaling events initiated by the activation of VEGFR2-HSP90 -ROCK pathway, these results are important, because they explain why this pathway is essential for cell migration (Le Boeuf et al., 2004) . In addition, the observation suggesting that the phosphorylation of Ser732 induces a conformational change that is necessary to trigger the phosphorylation of Tyr407 through activated Pyk2 explains why phosphorylation of Tyr407 is also essential for cell migration. Incidentally, that phosphorylation of Tyr407 requires the activation of Pyk2 might explain why the integrin and chemokine-stimulated motility is impaired in macrophages that are defective in Pyk2, and that the inhibition is not compensated by FAK expression (Okigaki et al., 2003; Mitra et al., 2005) . The result is also consistent with previous results showing that Pyk2 is a regulator of VEGF-induced cell migration (Avraham et al., 2003) . However, a recent report shows that Pyk2 is not involved in mediating LPAinduced increased cell migration of intestinal epithelial cells IEC-6 and IEC-18 grown on fibronectin (Jiang et al., 2006) . A possible explanation is that the lysophosphatidic acid recep-tor does not associate with ␣ v ␤ 3 integrin to concourse to activation of Pyk2 in response to VEGF.
Overall, the results of our study indicate that the VEGFinduced endothelial cell migration requires integrin ␣ v ␤ 3 -dependent Pyk2-mediated phosphorylation of FAK on Tyr407, an event that requires appropriate conformational change induced in FAK by VEGFR2-mediated phosphorylation of Ser732 by ROCK.
